We investigated the electron-phonon coupling (EPC), in the vicinity of the Fermi level, for the surface-weighted states of Mo(112) from high resolution angle-resolved photoemission data taken parallel to the surface corrugation (i.e. 11 1 ). The surface-weighted bandwidth may be discussed in terms of electron-electron interactions, electron impurity scattering and electron-phonon coupling and exhibits a mass enhancement factor λ = 0.42, within the Debye model, determined from the experimentally derived self-energy. Gold overlayers suppress the mass enhancement of the Mo(112) surface-weighted band crossing the Fermi level at 0.54Å −1 .
Introduction
There is now a large body of evidence that electronphonon coupling can affect the band structure, particularly in the region of the Fermi level [1] [2] [3] . The resulting mass enhancement factors have not only now been characterized for a whole host of metal surfaces [1] , but also for the surfaces of a semimetal like graphite [4] and the surface of a superconductor like 2H-NbS 2 [5] . As noted in a recent review of Mo(112) [6] , there is a strong interplay between the surface band structure and the surface structure, where both are affected by the electron-phonon coupling and the wavevectordependent surface phonon density.
While electron-phonon coupling has been seen to lead to significant mass enhancement for bands in the region of the Fermi level for the Mo(110) surface [3] , the Mo(112) has a very significant surface layer spacing relaxation, with a significant oscillatory layer spacer extending at least five layers from the surface into the bulk [6] . The relation of surface layers, for Mo(112) [6] , is, in fact, very similar to the strong surface layer relaxation that includes several layers in the surface region of Be(0001) [7] [8] [9] [10] [11] [12] , where the effective mass enhancement factor of the surface state in the vicinity of the Fermi level is seen to be anisotropic and dependent upon crystal direction [13] . 3 Address for correspondence: Department of Physics and Astronomy, Nebraska Center for Materials and Nanoscience, Theodore Jorgensen HallPhysical Science Building, 855 North 16th Street, University of NebraskaLincoln, NE 68588-0299, USA.
Angle-resolved photoemission spectroscopy (ARPES) [1, [3] [4] [5] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , along with high resolution electron energy loss [25] and scanning tunneling spectroscopy [26] , are attractive techniques for investigating electron-phonon coupling providing useful information about the real and imaginary parts of the self-energy as well as the mass enhancement factor. The mass enhancement factor λ can be estimated from the temperature-dependent band structure near the Fermi energy [14] [15] [16] [17] [18] [19] [20] , as would typically be done with high resolution electron energy loss [25] and scanning tunneling spectroscopy [26] . Another approach, favored here, is to extract the mass enhancement factor λ from the shape of the real part of self-energy at the Fermi level or fitting the selfenergy with the Debye model [3, 13, [21] [22] [23] . Another more sophisticated way is to directly extract the Eliashberg function from high resolution ARPES and λ can be derived from the integral of the Eliashberg function [1, 24] . The advantage of this method is that the Eliashberg function is not temperaturedependent and the dominant phonon modes may be obtained as well.
Experimental details
The Mo(112) surfaces, schematically shown in figure 1, were prepared by using standard methods of flashing and annealing in oxygen [6, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] , and the surface order characterized by LEED [6] . The high resolution angle-resolved photoemission studies were carried out on the 3 m normal incidence monochromator (NIM) beamline with a 70 mrad acceptance angle of horizontal radiation from a dipole magnet at the Centre for Advanced Microstructures and Devices (CAMD) synchrotron, as described elsewhere [38] .
The normal incidence monochromator is combined with an angle-resolved ultraviolet photoemission spectroscopy (ARUPS) endstation (Scienta SES2002 electron energy analyzer) with a combined resolution of less than 15 meV at about 30 K [38] . The photoemission spectra taken here are for a photon energy of 18 eV, resulting in an improved wavevector resolution because of the lower photon energy. All binding energies are referenced to the Fermi level. The acceptance angle of our electron analyzer is about 8
• , with an error in angle of about 0.3 • , as is typical of such measurements [3, 5] , thus translating to an uncertainty of no more than ±0.01Å −1 in wavevector resolution along the surface. Though there may be other systematic errors adding to the uncertainty in the wavevector, these errors do not significantly affect estimates of the real and imaginary parts of the self-energy. The band dispersion along the high symmetry line¯ -X ( 11 1 direction of the surface, schematically shown in figure 1 ), in the whole surface Brillouin zone can be achieved by rotating the sample along its polar axis.
3. Electron-phonon coupling at the Mo(112) surface Figure 2 shows the k -dependent quasi-particle band structure along the¯ -X direction (along the surface 11 1 direction) of has been plotted out. The inset to figure 2 shows the quasiparticle band dispersion extracted from momentum distribution curves within a 150 meV region below the Fermi level, and the dashed line represents the bare parabolic quasi-'free' electronlike fitting of the band dispersion without consideration of the self-energy. With the high energy and wavevector resolution, the phonon-electron-induced mass enhancement kink in the band structure, in the vicinity of the Fermi energy, is clearly significant and obviously identified in this surface band without any fitting procedures [6] . The angle-resolved photoemission spectroscopy (ARPES) spectral shape may be characterized by the single-particle spectral function A(ω, k) [3, [21] [22] [23] :
where ε 0 k represents the non-interacting binding energy, and R (ω, k) and I (ω, k) are the real part and imaginary part of the self-energy, respectively. Both the real and imaginary parts of the self-energy should ideally be described as functions of electron energyhω, wavevector k and temperature, which is not included in the ground state formulation of equation (1).
The quantitative analysis of the dependence of the spectral function A(ω, k) on both wavevector and electron energy has been made using both the energy distribution curve (EDC) mode and momentum distribution curve (MDC) mode. In other words, the energy-momentum plot (figure 2) has been cut either vertically to get energy distribution curves at various wavevectors or horizontally to get momentum distribution curves at various energies. Since the photoemission signal is also dependent on the Fermi distribution function f (ω), the MDC (cuts at certain energy so that ω is fixed) tends to be preferable. Furthermore, strong electron-phonon coupling may not only create the mass enhancement kink in the band structure, but also can alter the peak shape of the spectra in EDC mode within 100 meV of the Fermi level [21, 39] . The theory suggests that the effect of multiple scattering of electrons with phonons could complicate the spectral shape near the Fermi level, creating a double-peaked Lorentzian function in EDC mode.
In figure 3 , the real part (a) and imaginary part (b) of the self-energy have been plotted, as experimentally extracted from the surface-weighted state band dispersion in the vicinity of the Fermi level from the momentum distribution curves. The real part of the self-energy R (ω) can be estimated from the experimental Lorentzian peak positionhω using the relationship
where ε 0 k represents the non-interacting binding energy. Rather than simply using a linear dispersion relationship, we used a more free-electron-like relationship ε
2 to approximate this bare quasi-particle band dispersion [21, 24] . The value of ε 0 k is very sensitive to the choice of Fermi vector and, in this case, the Fermi vector has been determined to be 0.539Å −1 from the best fits to the experimental data and theory [6] . From our best fits to the experimental band structure data, we find thathv F = 7.27 eVÅ and β = 24.6 eVÅ 2 (as illustrated in the inset of figure 2 ). The imaginary part of the self-energy was extracted from the Lorentzian curve widths (δk) of the experimental band structure data. From the momentum distribution curves, δ E was determined using
where v is the 'band'-dependent electron velocity [22, 23] , effectively the differential of binding energy versus k vector. Since parabolic dispersion is expected in the free electron model, and even more complex in reality, this velocity is kdependent rather than simply a constant Fermi velocity. The easiest way to obtain the mass enhancement factor λ is to calculate the slope of the real part of the self-energy at the Fermi level [1] :
The simple line fitting indicates that the mass enhancement factor λ is 0.49 ± 0.03. Nevertheless, the problem of this procedure is the difficulty of measuring the slope of the experimental band dispersion right at the Fermi level. This simplified procedure also suffers from the need for finitetemperature corrections and complications of temperature dependence as occurs with a Debye model fitting, a point noted again later. Another method for extracting the mass enhancement factor is to compare the calculated self-energy based on the Debye model with the experimentally derived real part of the self-energy R (ω) [21, 22] . In the Debye model, phonon energy is proportional to the wavevector and is cut off at the Debye energy. We obtained the electron-phonon coupling parameter λ and the Debye energy ω D by fitting the real part of the experimental band dispersion data according to the zerotemperature Debye model, but neglected the wavevector k dependence. In this latter case, the Eliashberg function can be described as [1, 21] 
where ω is the electron energy and ω D is the Debye energy. Both mass enhancement factor λ and Debye energy ω D are involved and determined in the fitting procedure. By using the Eliashberg function above, the self-energy in the zerotemperature Debye model can be written as [21] 
We rechecked the electron-phonon coupling parameter λ and the Debye energyhω D parameters by fitting the imaginary part of the self-energy, as again both the mass enhancement factor λ and Debye energy ω D are involved:
The Debye model indicates that the Debye energy is a little larger than the peak position in Re (ω) and the imaginary part curve resembles a 'step' function and saturates at the Debye energy. The solid line in figure 3(a) indicates the fitting using the Debye model. Though relatively simplistic, the Debye model provides a reasonable fit, especially in the region of mass enhancement in both real and imaginary parts of the self-energy. From the Debye model fittings, we obtain λ = 0.42 ± 0.02 andhω D = 68.34 meV. The error is estimated from the quality of the fit of the Debye model with the data. The mass enhancement factor λ = 0.42 derived for the Mo(110) surface [3] is within the experimental error of these results for Mo(112). We conclude that application of the Debye model, even at room temperature, is actually acceptable and that the mass enhancement in the band dispersion of this surface-weighted band originates from strong electronphonon coupling. Caution should be applied as calculations based on the Debye model show that both the real part and imaginary part are temperature-dependent [1, 14] . Thus the mass enhancement factor λ determined from the real part of the self-energy either with even simplistic fittings or the Debye model is also likely temperature-dependent. The mass enhancement factor λ determined in Debye model calculations decreases with the increase of temperature. Therefore, the true mass enhancement factor λ could be higher than our results indicate here. The Debye energy,hω D = 68.34 meV, derived from Debye model fitting, is much larger than the cutoff of the phonon modes at roughly 33 meV, which is based on the calculated Eliashberg function for bulk molybdenum [40] . Our results indicate that the surface phonon modes not explicitly included in the model could play an important role in this system. Indeed, we expect surface Debye temperature to be much larger than the bulk value [6, 27] . The temperaturedependent photoemission provides support for this contention, as the effective surface Debye temperature measured for Mo(112) is 422 K (i.e. 37-38 meV) [6, 27] . Since electrons are collected at normal emission angle, this is primarily a measure of normal vibrational modes, not in-plane vibrational modes. Therefore, the higher Debye energy implied by the mass enhancement suggests surface in-plane phonon modes contribute significantly to electron-phonon coupling effects seen in the surface band structure.
Our results show a mass enhancement factor for Mo(112) that is similar to that observed with the Mo(110) surface and calculated bulk value. Although, it should be recognized that a direct comparison between Mo(112) and Mo(110) may not be appropriate, as this mass enhancement parameter is dependent on the wavevector, energy and surface. For Mo(112), we have measured the band dispersion along the surface lattice direction where the Mo atoms remain close packed, and in this sense somewhat resembles some of the surface crystallographic directions of Mo(110). Overall, we have found that the determination of Fermi edge and Fermi vector is extremely important to extract the self-energy from ARPES measurement. Slightly different choices for placement of the Fermi edge does not have a profound affect on the estimates of the mass enhancement factor, but obviously can shift the estimates of the Debye energy.
Using equation (6) to generate the fitting of the imaginary part of the self-energy (solid line in figure 3(b) ) leads to discrepancies between experiment and fitting that exist both above ω D and below ω D . The discrepancies below ω D , where deviation from the step function is observed, result partly from the temperature dependence of the imaginary part of the selfenergy. If the k vector dependence can be neglected, the imaginary part of the self-energy can be defined by [1] 
where f and n are the Fermi and Bose distribution functions, respectively, and ω is the phonon energy. The temperature dependence of the imaginary part of the self-energy originates from the Fermi and Bose distributions, and this temperaturedependent evolution has been observed for Be [1, 18] and Cu [14] . This deviation from a step function is not surprising for fitting to data taken at finite (room) temperature. The discrepancy above ω D can be explained by the electronelectron scattering [3, 22] . Otherwise, there is agreement with the derived mass enhancement factor λ = 0.42 ± 0.02 and Debye energyhω D = 68.34 meV parameters.
We realize that the experiment was taken at room temperature. However, the zero-temperature Debye model we use provides acceptable fits, particularly regarding Debye energy, so long as corrections for finite-temperature effects are made [18] , necessitating a shift up in energy by 356 meV, in the bandwidth (2 Im(ε)), in order to obtain agreement with Debye model fitting at zero temperature. The calculations for Be and Cu show that the bandwidths at zero kelvin can be enhanced at higher temperatures. Given that the imaginary part of the self-energy for Be in the ground state (E = 0) can be lifted up in energy by about 200 meV providing a bandwidth of about 400 meV at room temperature [1, 18] , the shift of 356 meV necessitated in our study is reasonable. Such temperature-dependent enhancement of bandwidth was observed in Be(0001), where the bandwidth is 352 meV at T = 330 K [17] and it decreases significantly to about 100 meV at 40 K [21] .
This 356 meV shift in energy is not solely the result of elevated temperature contributions to the electron-phononinduced broadening. Under the assumption that the scattering mechanisms are independent, except for the electron-phonon scattering, there are two other contributions to the lifetime broadening of the quasi-particle, electron-electron scattering and impurity scattering [3, 22] : All these terms should contribute to the 356 meV shift, required here for Mo(112), although impurity scattering should be independent of temperature. Therefore, a significant fraction of the 356 meV energy shift should come from the impurity scattering, the first term of electron-electron scattering and temperature-induced electron-phonon scattering. The electron-electron scattering also adds to the bandwidth as
, where E is the binding energy [3, 22] . The deviation of the experimental imaginary part of the self-energy from the Debye model fitting, above the Debye energy, is attributed to electron-electron scattering, and may be fitted by a parabolic function. We find that, by making this assumption, the factor 2β = 0.417 eV −1 (this fitting is the dashed line in figure 3(b) ). Under the Born approximation 2β = (πU 2 )/(2W 3 ), so if we take the Coulomb repulsion U = 0.6 eV predicted for Mo [3, 41] , then W (the energy difference between the bottom of the occupied part of the surface band and Fermi level) should be about 1.11 eV. This value for the occupied bandwidth is consistent with band structure calculations, which suggest a value close to 1 eV [6] , and previous photoemission band structure mappings (1.2 eV) [6, 26, 27] . This adds considerable support to the methodology of our analysis.
In our analysis, we have assumed that the phonon density of states at low energies follows the Debye-like behavior, thus the surface phonons are not explicitly included in the Debye model fitting. Even though the Debye model provides the mass enhancement factor and Debye energy, we cannot, from the data and analysis presented here, ascertain the contribution from the Rayleigh surface modes alone, which can be significant [42] and can lead to increases in the mass enhancement factor [1] . This may explain some of the discrepancies between our experimental data and Debye model fitting of the self-energy. Such discrepancies were also seen in the Debye model fitting of Be(0001) [21] . Further work should focus on the extraction of the Eliashberg function from ARPES data and should best include the consideration of different vibrational mode contributions to the electronphonon coupling. Underpinning this is the need for detailed calculations of phonon dispersion at the (112) surface.
Suppression of the electron-phonon coupling
The mass enhancement of the surface-weighted band is suppressed with adsorption of a partial overlay of gold, as illustrated in figure 4 . Au [43, 44] , like Ag and Be [45] , prefers just filling the furrows in the corrugated Mo(112) surface and do not build linear structures with chains normal to furrows, as seen with many other metal overlayers [46] . As a result, the surface periodicity, along the chains, is preserved for many gold coverages [43] . We see in figure 4 that the surfaceweighted Mo(112) band intensity is, in fact, suppressed with moderate Au coverage (in this case a missing gold row p(1×3) structure), but the mass enhancement of the band, near the Fermi level, is largely lost. With the p(1 × 3) structure the periodicity along the rows is strictly preserved, as indicated in the inset to figure 4. The loss of any mass enhancement is even more evident with one monolayer of gold in the 1 × 1 structure where the in-plane lattice of the Mo(112) substrate is preserved, in spite of the suppression of the Mo(112) substrate signal. This is not surprising. The electron-phonon coupling mass enhancement factor is much higher at the surface than in the bulk [1, 3] , and suppression of the mass enhancement for the bulk bands of Mo(112) should be expected based on the results for Mo(110) [3] where the electron-phononmediated mass enhancement factor decreased by about a factor of two [3] .
The bulk bands exhibit little mass enhancement in the vicinity of the Fermi level along the 11 1 direction for Mo(112). In fact, little mass enhancement is seen either for the bulk Mo(112) bands, and the surface-weighted bands near the Fermi level for bands mapped out along the 11 1 direction for Mo(112), following even fractional monolayers of gold deposition. Indeed, we find that the now interface-weighted state (no longer a surface state or surface resonance state) also exhibits little mass enhancement. Although this remains largely an interface state, it appears that only a fraction of a monolayer of gold is necessary to suppress the noticeable mass enhancement of this state.
Thus dimensionality considerations alone do not determine the electron-phonon mass enhancement factor.
What needs to be investigated now is whether the gold depresses the Debye temperature so significantly that the mass enhancement factor cannot be observed or in fact directly suppresses the mass enhancement factor by suppressing the out-of-plane and the in-plane anharmonic motion [47] . From the dependence of the imaginary part of the self energy with gold coverage, there is good reason to believe that the gold overlayer band structure is itself affected by electron phonon coupling. At issue then is whether gold overlayers suppress the out-of-plane and the in-plane anharmonic motion or the expected changes of the surface layer lattice relaxation [47] and if either effect contributes to the loss of the significant mass enhancement of the surface-weighted bands in the vicinity of the Fermi level. The clean surface is expected to exhibit a significant change of the outermost layer relaxation from −15% [6] to −17% [47] for the clean surface to −11.5% with the absorption of only half a monolayer of gold [47] . We expect that, for a corrugated surface like Mo(112), the mass enhancement factor of the surface state in the vicinity of the Fermi level should be highly anisotropic, as is the case for Be(0001) [13] , and gold adsorption could either enhance or suppress this suspected anisotropy in the electron-phonon coupling, though an enhancement of the anisotropy of the electron-phonon coupling is more likely [44] .
Summary
We have investigated the electron-phonon coupling (EPC), in the vicinity of the Fermi level, for the surface-weighted states of Mo(112) parallel to the surface corrugation The surface-weighted bandwidth may be discussed in terms of electron-electron interactions, electron impurity scattering and electron-phonon coupling and exhibits a mass enhancement factor λ = 0.42 ± 0.006, within the Debye model, determined from the experimental self-energy data. The Debye energȳ hω D = 68.34 meV is seen to be consistent with the effective Debye temperature, determined from LEED and temperaturedependent photoemission. The bulk bands along 11 1 exhibit little mass enhancement in the vicinity of the Fermi level and gold overlayers suppress the mass enhancement of the Mo(112) surface-weighted band crossing the Fermi level at 0.54Å −1 along the¯ -X 11 1 direction. For a corrugated surface like Mo(112) (figure 1), the mass enhancement factor of the surface state in the vicinity of the Fermi level should be highly anisotropic.
